The generalized transducing phage Pf 16h2 has been used to confirm linkage relationships of chromosomal markers of Pseudomonas putida previously determined from their time-of-entry in Hfr crosses, and to map new auxotrophic mutations. By means of spot matings using Hfr donors of known origin of transfer, catabolic markers forming part of a closely linked group of operons referred to as a superoperonic cluster have been shown to be chromosomally located and their map positions determined. R-prime-mediated interspecific complementation has been used to equate functionally 21 auxotrophic loci in P. putida and P. aeruginosa, and the distribution of these loci on the two genetic maps has been compared. While both maps reveal that auxotrophic markers are largely restricted to about 40% of the chromosome and that auxotrophic markers of similar phenotype are not clustered, there is evidence of at least seven chromosomal rearrangements since divergence from a presumed common ancestor.
INTRODUCTION
Effective genetic tools and an accurate chromosomal map are necessary prerequisites for an understanding of the genetic organization of any bacterial species. Unlike the Enterobacteriaceae, the genetics of Pseudomonas has not matched the extensive biochemical knowledge of this genus (Clarke & Ornston, 1975; Wheelis, 1975) , and it is only recently that circularity of the chromosomal genetic map has been demonstrated for P. aeruginosa P A 0 (Royle et al., 1981), P. aeruginosa PAT (Watson & Holloway, 1978) and P. putida PPN (Dean & Morgan, 1983) .
Unlike the situation for P. aeruginosa, where bacteriophages are very common and several have been used for transductional mapping (Holloway et al., 1979; Morgan, 1979) , P. putida phages are rare and only Pf 16 and its host-range mutant Pf 16h2 (Chakrabarty et al., 1968) have been shown to be suitable as generalized transducing phages. On the basis of Pf16h2 transductional studies it has been claimed that 14 regulatory units comprising some 21 catabolic structural genes map within 10 to 15 % of the P. putida chromosome, being arranged in what has been referred to as 'superoperonic clustering' (Wheelis, 1975) . It has been pointed out, however, that these genes could be located on a large plasmid (Holloway et al., 1979) . This point could not be resolved without proper genetic analysis and in this paper we demonstrate by genetic means that these genes are indeed chromosomally located.
When the genetic maps of related species are available, they may be compared in order to reveal the nature of any chromosomal rearrangements since the species diverged (Riley & Anilionis, 1978) . This not only reveals taxonomically useful information but may also reveal those features of chromosome organization which are conserved and which may have functional significance.
This work was undertaken in order to extend our knowledge of the genetic organization of the P. putida chromosome, and to develop tools necessary for the genetic manipulation of this species. As a consequence of this study we have been able to show that chromosomal gene order in Pseudomonas is not as conserved as it appears to be in the Enterobacteriaceae. selection of benP+, catB+, catC+ and catR+); 0.1 % (w/v) phydroxybenzoate (for selection of pcaA+, pcaD+ and pcaE+); 0.1 % (w/v) histidine (for selection of hut+); orO.l% (w/v) proline (for selection ofput+). P. aeruginosa PA0 was incubated at 37 "C and P . putida PPN at 28 "C. YL broth and Y agar were used for P . putida PPN rather thm nutrient yeast broth and nutrient agar as described by Morgan (1982) because we found that better growth was obtained, and liquid cultures were less likely to clump.
Bacterial techniques. Plate matings (Stanisich & Holloway, 1?72) , spot matings, mutagenesis and mutant isolation have been described (Morgan, 1982) . Pf 16h2-mediated transduction was performed by adding the bacteriophage to saline-washed overnight YL broth-grown P. putida PPN cells at a multiplicity of infection of 0.5 ; after incubation at 37 "C for 15 min, an equal volume of Pf16h2 antiserum (inactivation constant = 20) was added, and the cells were incubated for a further 15min at 37°C. Portions (0.2ml) were spread to dryness on selective minimal agar plates, which were incubated at 28 "C for 4 to 6 h and then at 33 "C for 2 d. The procedure for cotransduction analysis was that of Krishnapillai (197 1) .
RESULTS
Conjugational mapping studies have shown that P. putida PPN has a circular genetic map of about 100 min and that, of 3 1 auxotrophic markers placed on this map, 26 are located in a 38 miIi region (Dean & Morgan, 1983) . In order to verify the map order of closely linked markers, and to map other auxotrophic mutations not mapped in the previous study, a series of two-factor and. three-factor transductional crosses were performed using bacteriophage Pf 16h2. The DNA of Pf 16, from which Pf 16h2 was derived as a host-range mutant, has a molecular size of 148 kb (L .   Table 1 . Bacterial strains, plasmids and bacteriophage PPN, PRS and PMW are designations used by different workers for derivatives of ATCC 12633. This strain is also known as A3.12 and Stanier's strain 90. P . aeruginosa strains are derived from PA01 (ATCC 15692). Genotype symbols are the same as those used by Bachmann (1983) for E. coli except that str signifies streptomycin resistance, nal resistance to nalidixic acid, chl resistance to chloramphenicol, ben benzoate utilization, cat catechol utilization, hut histidine utilization, nct nicotinate utilization, pca protocatechuate utilization, per permeability to cis,cis-muconate, pob p hydroxybenzoate utilization and put proline utilization. Phenotype symbols : Cb, carbenicillin resistance; Km/Nm, kanamycin/neomycin resistance; Tc, tetracycline resistance; Tra, conjugative ; Cma, Chromosome-mobilizing ability. Ethyl methanesulphonate-induced mutations have allele numbers prefixed with a 4, and insertion mutations are prefixed with an 8. Multiply marked PPN strains were constructed by sequential addition of mutations. Chakrabarty et al. (1968) * pM0799 and pMO800 are R' plasmids carrying P. putida PPN chromosomal DNA. They were derived from pM061 and pM0961 respectively by interspecific mating in an analogous manner to that described elsewhere (Morgan, 1982) . The convention CargB(18) and Cpur(70) signifies that these R plasmids complement the argB18 lesion of PA0330 and the pur-70 lesion of PA01777 respectively. t pM0961 is an ECM plasmid derived in an analogous manner to pM061, and indistinguishable from it using restriction endonucleases and agarose gel electrophoresis (data not shown). Transductional linkage in the 37 rnin region Chakrabarty et al. (1968) found that in P . putida PpG, mutations in the trpC, D and E genes were closely linked to each other and to a str mutation, but they were unable to order the loci. From Table 3 it may be seen that trp-400 and trp-407 are alleles of either the trpC or trpD genes. Three-factor analysis in crosses (2) and (3) in Fig. 1 confirmed the order shown (data not given). Equivalent loci are similarly linked in P . aeruginosa P A 0 (Holloway & Matsumoto, 1984) where in addition there is an argC locus between trpC,D and rifA. We have not yet isolated an argC mutation in P . putida PPN, but its proximity to the trpC, D and E loci may be inferred from the observation that P. putida PPN R-primes derived from the ECM plasmid R68.45 have been isolated that carry all four loci as determined by interspecific complementation (R. Bray & A. F. Morgan, unpublished) . However, in P . aeruginosa P A 0 there have been no reports of his mutations very closely linked to these loci (Holloway & Matsumoto, 1984; B. W. Holloway, personal communication).
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Transductional linkage in the 48 min region
The correct order of markers in this group had been inferred from time-of-entry determinations (Dean & Morgan, 1983) as all the markers are very close to Hfr origins C and D. The two-factor data presented in Fig. 2 agree with the order of markers given there, and the order of markers in the ilv-ser-arg cluster was confirmed by three-factor analysis from transductional cross 7 (data not shown). One feature of transductional crosses 7 and 9 was that recovery of Ser+ recombinants was low, about 2 x per p.f.u. compared with about 5 x lo-' per p.f.u. for other markers in these and other crosses. Recovery of Ser+ recombinants was in fact 10-fold higher when ser-400+ was the unselected marker, this being reflected in the observation that reciprocal coinheritance of markers in transductional crosses involving ser-400 is not anomalous. A similar result was observed in conjugational crosses involving ser-400 (data not shown). We can offer no satisfactory explanation for this effect. The loci met-ilo-ser are similarly linked in P. aeruginosa PA0 (Holloway & Matsumoto, 1984) . Genes argA and argB are not cotransducible in this species, but the cotransducibility of these markers in P. putida PPN, which may be inferred from Fig. 2 , may reflect the fact that Pf 16h2 is larger than any of the routinely used P. aeruginosa transducing phages. However, these arg loci are some 10 min away from the met-ilu-ser cluster in P. aeruginosa.
Transductional linkage in the 64 min region
Although the transductional crosses used to map this region of the chromosome did not allow three-factor analysis, the two-factor data presented in Fig. 3 give an unequivocal gene order, except that it is not possible to order the two his loci. The functionally equivalent leu, pur and thr loci are also transductionally linked in P. aeruginosa PA0 (Holloway & Matsumoto, 1984) . Although the flanking markers to this linkage group, ilv-400 andphe-402, being some 2 to 3 min distant, are theoretically within the transducing range of Pf16h2, we were unable to show cotransduction of these markers with any of the members of the 64 min transduction group (data not shown).
Transductional linkage in the 72 min region
The gene order of the leu, trpF and met loci given in Fig. 4 was confirmed by three-factor analysis of transductional crosses 26 and 27 (data not shown). These three loci are found to be similarly linked in P. aeruginosa PAO, where in addition there is apur locus between trpF and met (Holloway & Matsumoto, 1984) . We have not yet isolated a mutation in apur locus in this region, but its proximity to the loci in this group may be inferred from the fact that P. putida Rprimes derived from R68.45 and carrying the leu, trpF and met loci also carry the pur locus, as determined by interspecific complementation (R. Bray & A. F. Morgan, unpublished) .
Other contransducible pairs of markers
Although time-of-entry studies had indicated that the argF and G loci were 5 min apart (Dean & Morgan, 1983) , when PPN1146 was transduced to argG+ with Pf16h2.PPN1022, with selection on minimal agar supplemented with the amino acid requirements of PPN1146 but with citrulline in place of arginine, 174/200 (87 %) of the transductants were found to have inherited the argF402 of PPN1022. This finding indicates that our time-of-entry determinations in this region were in error, and emphasizes the need to confirm interrupted mating data with transductional analysis. These two loci are also closely linked in P . aeruginosa (Holloway & Matsumoto, 1984) . A number of other two-factor transductional crosses were performed between various pairs of closely linked markers on the map. When pur-403+ was selected in the cross Pf16h2.PPN1170 x PPN1067, 66/200 (33%) of transductants were found to have inherited his-403. Similarly, when trpB401+ was selected in the cross Pf 16h2.PPN1076 x PPN 1 134, 1 30/200 (65 %) of transductants were found to have inherited thr-401, and when phe- However, attempts to demonstrate transductional linkage between pairs of markers other than those listed in Figs 1 to 4 and above were unsuccessful (data not shown). Thus it would seem that the detectable limit of transductional linkage was not as great as was predicted from the size of Pf 16 DNA. Only in the case of argF and argG (5 min apart) andpur-406 andphe-402 (3 min apart) was a distance of greater than 2 min bridged by this phage, and we conclude that these distances indicate minor inaccuracies in our previously published time-of-entry map (Dean & Morgan, 1983) .
Chromosomal map of Pseudomonas putida PPN
Mapping of the superoperonic cluster of catabolic markers
Previous experience in locating the approximate position of the origin of transfer of putative Hfr donors by means of spot matings (Dean & Morgan, 1983) indicated that this would be a quick and reliable method to map the catabolic markers that. comprise the so-called superoperonic cluster (Wheelis, 1975) . Table 2 shows that simply by regarding a given marker as being transferred early or late by a given Hfr origin of transfer, the markers of the superoperonic cluster must straddle the Hfr origins A and F, as shown in Fig. 5 . If a large plasmid were being mobilized by the transfer functions of the integrated plasmid of the Hfr strains, then all of the Hfrs should mobilize all of the catabolic markers tested. Interestingly, a marker for proline utilization, put-1201, was shown to map unequivocally between Hfr origins C and D and hence not to be a member of the superoperonic cluster. We did not attempt transductional crosses to define more accurately the position of these catabolic markers with respect to the auxotrophic markers in the same region of the genetic map.
Functionally equivalent markers in P. putida PPN and P. aeruginosa P A 0 It became apparent at an early stage of this study that the chromosome map of P. putida PPN showed clear differences from that of P . aeruginosa PAO. However, even if one makes the assumption that the two species diverged from a common ancestor, it is necessary to be able to equate functionally equivalent markers in the two species before the two maps can be compared directly in order to determine the chromosomal rearrangements that may have taken place. Our equation of markers was based largely on interspecific complementation mediated by plasmidchromosome hybrids (R-primes), and the assumptions and possible sources of error inherent in this method have been discussed elsewhere (Morgan, 1982) . Table 3 lists the pairs of markers thus far equated, taken from this and other studies. We have not included markers such as rifor str as the biochemical basis of these loci has not been established in either species, and they are not amenable to complementation analysis. A N AND H. F. DEAN Fig. 5 . Chromosomal map of P . puridu PPN, based on the time-of-entry map of Dean & Morgan (1983) , and incorporating the transductional data presented in Figs 1 to 4 and in the text, and the spot mating data presented in Table 2 . The order of catabolic markers from benP to pobA inclusive (the 'superoperonic cluster') is that given by Wheelis (1979, as determined by Pf 16h2-mediated transduction. Genotype symbols for this group of markers, other than those mentioned in Table 1 are; mdl, mandelate ; nct, nicotinate ; pac, phenylacetate ; pal, phenylalanine; pob, phydroxybenzoate. Pf 16h2 transduction groups are delineated by square brackets. Arrowheads A-F represent Hfr origins of transfer. The total length of the genetic map has been reduced from 103 min to 100 min, as described in the text. This figure previously appeared in Genetic Maps (1982) , 2, 128-129, and is reproduced by permission.
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Chromosomal genetic map of P . putida PPN
The genetic map of P . putida PPN is presented in Fig. 5 . It is based on the time-of-entry data published previously (Dean & Morgan, 1983 ) and on the transductional and spot mating data presented above. For convenience we have reduced the length of the map from 103min to 100 min. This was achieved by deleting 1 min from each of three regions, namely between phe-402 and pur-410 at about 70 min, between cys-403 and ggu-3 at about 85 min, and between Hfr origin B and Hfr origin A at about 98 min. The first of these regions was chosen in order to reduce the distance between phe-402 and pur-410 from 3 min to 2 min, a distance more in keeping with the cotransducibility of these two markers. The other two deletions of minutes are in regions in which there are few markers, thus increasing the likelihood of error in map length. If necessary, further adjustments to these regions can be made when more markers become available. The only other alteration to the previously published map (Dean & Morgan, 1983) was to move argG from 23min to 27min, as argF and argG were shown above to be 87% cotransducible. The decision to move argG was taken because argF alleles gave reproducible times-of-entry with both PPN2001 (HfrA donor) and PPN2005 (HfrE donor), whereas argG409 could not be mapped from HfrA (Dean & Morgan, 1983, and unpublished) . This is a region of the map that will probably need revising when more markers are available.
DISCUSSION
In this paper we have used Pf 16h2-mediated transduction and spot conjugational crosses to confirm and extend our previously published P. putida PPN chromosomal map (Dean & Morgan, 1983) . The map length has been reduced from 103 rnin to 100 rnin simply for convenience.
When we started these genetic studies we anticipated that the chromosomal organization of P . putida PPN would be similar to that of P. aeruginosa PAO. While it is now clear that Pseudomonas is a taxonomically very diverse group and might profitably be split into five different genera, each corresponding to a ribosomal RNA homology group (Palleroni, 1983) , P. putida and P. aeruginosa belong to the same homology group and together with P.fluorescens are referred to as 'fluorescent pseudomonads' (Stanier et al., 1966) . Indeed, a cursory inspection of both genetic maps reveals the same non-random distribution of auxotrophic markers and the lack of clustering of auxotrophic markers of similar phenotype. Thus in P. putida PPN if the 'auxotroph-rich' region of the genetic map is taken to extend from trpC,D (37 min) to met-406 (73 min) then 29/34 (85%) of known auxotrophic markers are restricted to 36% of the genetic map. Similarly in P. aeruginosa P A 0 40/48 (83%) of auxotrophic markers are restricted to 46% of the genetic map, the region extending from hisIV (14 min) to pyrF (58 min). Given the inevitable inaccuracies in the genetic maps of both species this difference in the length of the auxotroph-rich region is probably not significant. While clustering of catabolic markers appears to be more pronounced in P. putida PPN, this remains to be confirmed by further mapping studies [see Haas (1983) for a discussion of the genetic organization of catabolic functions in Pseudomonas].
It is now generally accepted that translocatable elements allow bacterial chromosomes to acquire new genes by lateral transmission from other species so that a different map location for genes performing the same function in species derived from a common ancestor does not necessarily reflect a chromosome rearrangement since the time of divergence, but may mean that the two species have independently acquired that gene (Riley & Anilionis, 1978) . However, it seems reasonable to assume that the presumed ancestor of P. aeruginosa and P. putida already possessed all or most of the genes required for the biosynthesis of simple metabolites such as amino acids, and so auxotrophic markers should be reliable indicators of chromosome rearrangements. When the map locations of the 21 pairs of functionally equivalent markers in Table 3 were compared, it was immediately obvious that while transduction groups comprising the same markers could be seen in each species, the overall marker order is quite different. Fig. 6 compares the map positions of these 21 pairs of markers. In order to do this we have expanded the P. aeruginosa P A 0 map from its published 95 rnin to 100 min, and then rotated it 17 min clockwise in order to align the centres of the auxotroph-rich regions of both maps, as of course the Omin points on both genetic maps were arbitrarily chosen. Fig. 6 shows that the transduction groups met-ilu-ser at about 48 min, thr-pur-leu at about 63 min, and met-trp-Zeu at about 73 min agree (within reasonable limits of map accuracy) in both map position and map order, and that the lone marker trpB is at about 44 rnin on both maps. However, while trpC,D,E and argF,G form two closely linked groups in both species they are 15 min and 36 min apart respectively on the aligned genetic maps, and along with the remaining six markers, provide evidence for chromosomal rearrangement since divergence from a presumed common ancestor. Possible mechanisms of such rearrangements have been discussed previously (Campbell, 198 l) , but while it is impossible for us to determine from the limited information available what sort of rearrangements have occurred, it is worth noting that the 10 markers from argA (34min) to trpC,D,E (52 min) on the P. aeruginosa map can be reassorted by a series of three inversions to give the same map order, and with essentially the same spacing, as on the P. putida map (not shown). It is also possible to rearrange the rest of the P . aeruginosa map by a series of six further inversions (not shown; the theoretical basis for determining the least number of inversions required is discussed in Watterson er al., 1982). However, we consider it unlikely that this is the way in which the two species diverged because some of the inversions are large and require intermediate map orders that do not have the majority of auxotrophic markers restricted to a single region. An alternative model is that four different (presumably small) regions of the Table 3 .
chromosome have been transposed from one position to another since divergence, as has been suggested for a few loci in Escherichia coli and Salmonella typhimurium (Riley & Anilionis, 1978) . It has been suggested that the observation that the genetic maps of related species show little evidence of major rearrangements over time intervals sufficient to allow extensive divergence of base sequence within individual genes may mean that the great majority of chromosomal rearrangements are selected against, possibly because there is a requirement for functionally related genes to be spatially related in some unknown way (Starlinger, 1977; Riley & Anilionis, 1978) . Distance from the origin of chromosome replication, which would regulate the time of gene duplication, is one obvious aspect of chromosome organization to consider. The observation that even though we can equate only 21 pairs of markers between P . aeruginosa and P.putida we can detect evidence for at least seven chromosome rearrangements may mean either that the two species are less related taxonomically than has been supposed, or that the unknown constraints on chromosome organization are less strong in Pseudomonas than in Enterobacteriaceae. And yet the fact that both species still have an 'auxotroph-rich' region indicates clearly that gene order has not been randomized.
The nature and extent of Pseudomonas chromosome rearrangements may become clearer when the genetic maps of P . aeruginosa PAO, P . putida PPN and other Pseudomonas species are extended. It is interesting to note that while the gene order in P . aeruginosa PAT (Watson & Holloway, 1978) and P . aeruginosa PAC (P. H. Clarke, personal communication) appear to be the same as for P . aeruginosa PAO, the genetic map of P . putida PpG (Mylroie et al., 1978) reveals a different gene order to that of P. putida PPN, insofar as the two maps can be compared. Thus in P. putida PpG trpF and the trpC,D,E cluster are only 9 min apart, compared with 35 rnin for P . putida PPN, and whereas in P . putida PPN trpB is between trpF and trpC,D,E, in P . putida PpG trpF in the central marker. Table 3 . Functionally equivalent markers in P. putida PPN and P . aeruginosa P A 0
Mutations were considered to be in functionally equivalent loci if an R-prime carrying the wild-type chromosomal allele of one species was capable of restoring to prototrophy a mutant of the other species. In a number of specified cases there were supporting data from growth response tests using intermediates of the various biosynthetic pathways. 
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